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HIV-1 virions contain approximately equal amounts of tRNALys,3 and tRNALys1,2, yet tRNALys,3 has been found to be exclusively
used for initiation of reverse transcription. Since previous studies have shown that even if the primer binding site (PBS) was
mutated to be complementary to tRNALys1,2, the virus did not stably use tRNALys1,2 to initiate reverse transcription, the virus
must have evolved a mechanism for the exclusive use of tRNALys,3 to initiate reverse transcription. To investigate how HIV-1
discriminates tRNALys1,2 from tRNALys,3 for initiation of reverse transcription, two proviral genomes that contain nucleotide
changes in U5 and a PBS to be complementary to regions of tRNALys1,2 were constructed. One genome contains 5
[HXB2(L12-AC)] nucleotides while another contains 15 [HXB2(L12-ACgg)] nucleotides in U5 complementary to the anticodon
region of tRNALys1,2. Viruses derived from the transfection of the proviral genomes were infectious in SupT1 cells. Analysis
of the endogenous reverse transcription reactions from viruses derived from HXB2 (L12-AC) and HXB2 (L12-ACgg) obtained
from transfection revealed that both exclusively used tRNALys1,2 to initiate reverse transcription. Following extensive in vitro
culture, though, sequence analysis of proviral genomes revealed that while the virus derived from HXB2(L12-AC) stably
maintained a PBS complementary to tRNALys1,2, the virus derived from HXB2 (L12-ACgg) had reverted back to contain a PBS
complementary to tRNALys,3. RNA modeling of the U5-PBS of the genome from HXB2(L12-AC) supports the conclusion that
the fine specificity for discrimination between tRNALys,3 and tRNALys1,2 for use as a primer for HIV-1 reverse transcription
resides in the structure of the U5–PBS region of the viral genome. © 1999 Academic Press
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A distinguishing feature in common with the replica-
ion of all retroviruses is the process by which the RNA
enome is converted to a DNA copy. This process,
ermed reverse transcription, is an essential step in the
etrovirus life cycle and is catalyzed by a viral encoded
nzyme, reverse transcriptase (RT) (Baltimore, 1970; Te-
in and Mizutani, 1970). The initiation of reverse tran-
cription occurs at an 18-nucleotide region in the 59
egion of the RNA genome, known as the primer binding
ite (PBS), which is complementary to the 39 nucleotides
f the tRNA primer (Peters and Dahlberg, 1979). In a
omplex series of events, the RT copies the single-
tranded viral RNA genome into a double-stranded DNA
ntermediate prior to integration into the host genome
Gilboa et al., 1979). One feature of reverse transcription
s that during the synthesis of plus strand DNA, the RT
opies the 39-terminal 18 nucleotides of the cellular tRNA
sed to initiate reverse transcription (Taylor and Hsu,
980). Thus, the PBS of the integrated provirus reflects
he primer tRNA used for initiation of reverse transcrip-
ion.
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: (205) 934-1580. E-mail: casey_morrow@micro.microbio.nab.edu.
95The tRNA primer used for initiation of reverse tran-
cription is unique for different retroviruses. For example,
RNALys,3 is used by lentiviruses such as HIV-1 (human
mmunodeficiency virus) or simian immunodeficiency vi-
us, while tRNALys1,2 is used by Mason–Pfizer monkey
irus, visna virus, and spuma virus; murine leukemia
irus uses tRNAPro while avian leukosis virus (ALV) uses
RNATrp (Marquet et al., 1995; Mak and Kleiman, 1997b).
ow the virus has evolved to select a certain tRNA
rimer for initiation of reverse transcription is unknown.
revious studies have found that many different tRNAs,
n addition to the specific tRNA used for initiation, are
resent within the virions of retroviruses (Jiang et al.,
993; Mak and Kleiman, 1997b). Studies from this labo-
atory, and others, have found that HIV-1 virions contain
subset of cellular tRNAs composed of 30% tRNALys,3
nd 60% tRNALys1,2 with minor tRNAs making up the re-
aining 10% (Jiang et al., 1993; Zhang et al., 1996). The
ncorporation of these tRNAs into the HIV-1 virion is
elieved to be mediated for the most part by the RT
omain of Pr160gag-pol, possibly in combination with
r55gag (Mak et al., 1994; Huang et al., 1997; Mak et al.,
997a). Even though tRNALys1,2 is present in greater quan-
ities than tRNALys,3 within the virion then, HIV-1 exclu-
ively utilizes tRNALys,3 for replication. Thus, the compo-
ition of the tRNA species within the virion does not
ecessarily reflect which tRNA will be used to initiate
0042-6822/99 $30.00
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96 KANG, ZHANG, AND MORROWFIG. 1. Diagram of tRNALys isoacceptor species and description of the mutations in U5 and PBS. (A) The cloverleaf structure of rabbit liver tRNALys,3
nd tRNALys1,2 is depicted as described by Raba et al. (1979). Nucleotides that differ between tRNALys1,2 and tRNALys,3 are shown in large boldface type.
he different nucleotides in the anticodon stem-loop that were targets for compensating mutations in U5 are boxed. tRNALys,2 is different from tRNALys,1
n only a single base pair in the anticodon stem as indicated in parentheses. S, 5-methoxycarbonylmethyl-2-thiouridine; C, pseudouridine; D,
ihydrouridine; Tm, 29-O-methyl-5-methyluridine; Am1, 1-methyladenosine; C5, 5-methylcytidine; G2, N2-methylguanosine; G7, 7-methylguanosine; T,
-methyluridine; R, N-((9-b-D-ribouracil-2-methylthiopurine-2-yl)-carbamoyl) threonine; A7, N-((9-b-D-ribofuranosylpurine-6-yl)-carbamoyl) threonine. (B)
he 59 region of the HIV-1 viral RNA genome is expanded to depict the location of mutant sequences in U5 and PBS. The sequence shown in large
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97tRNA SELECTION FOR INITIATION OF REVERSE TRANSCRIPTIONeverse transcription as highlighted by a series of recent
tudies that demonstrated that even though a mutant
IV-1 could stably use tRNAHis to initiate reverse tran-
cription (Wakefield et al., 1996) the virions contain sim-
lar amounts and ratios of tRNALys1,2 to tRNALys,3 as the
ild-type virus (Zhang et al., 1996).
New appreciation into the mechanism of how HIV-1
elects the tRNA primer for reverse transcription has
ome from analysis of the RNA–RNA interactions be-
ween the tRNA primer, PBS, and U5 region of the retro-
iral genome. One important interaction was found be-
ween the U-rich anticodon loop of tRNALys,3 and an A-rich
oop in U5 of the HIV-1 genome, 12 to 17 nucleotides
pstream of PBS (Isel et al., 1995). Support for this A-rich
egion in playing a role in selection of primer tRNA has
ome from recent studies demonstrating that if both the
BS and the A-rich loop in U5 are mutated so as to be
omplementary to the 39-terminal nucleotides and anti-
odon loop of tRNAHis (Wakefield et al., 1996a) or tRNAMet
Kang et al., 1997), the resulting viruses stably main-
ained a PBS complementary to tRNAHis or tRNAMet, re-
pectively, after extended in vitro culture. However, the
act that not all combinations of PBS and anticodon
omplementary sequence in U5 (A-loop region) produce
iruses that can stably maintain a PBS complementary to
n alternative tRNA points to the complexity of the inter-
ction between the U5–PBS regions and the tRNA primer
Kang et al., 1996).
All viruses that do not stably maintain a PBS comple-
entary to the alternative tRNAs have reverted back to
he wild type using tRNALys,3. An explanation for the re-
ersion back to the wild-type PBS is that because
RNALys,3 is present within the virion, the viral proteins
uch as RT and/or nucleocapsid (NC) can force the
nteraction of tRNALys,3 with the PBS complementary to
he alternative tRNA. If this were the sole explanation
hough, we might expect that in some instances we
ould have found viruses that stably maintained a PBS
omplementary to tRNALys1,2, since these tRNAs are also
resent at levels similar to those of tRNALys,3. Extensive
nalyses of HIV-1 proviral genomes though have found
nly PBS complementary to tRNALys,3. The virus, then, has
volved a specific mechanism to discriminate between
he isoacceptors of tRNALys. In the current study, we have
nvestigated the mechanism whereby the virus discrim-
nates between the tRNALys isoacceptors for reverse tran-
cription. We describe the construction and character-
zation of HIV-1 genomes that contain mutations within
oldface type is PBS. The nucleotides shown above the HXB2 viral RN
he PBS sequence and nucleotides in the anticodon loop proposed to i
nucleotide 183–200) in HXB2 was replaced with a PBS complementary
utations were introduced in the A-rich loop region in U5 so that HX
omplementary to the anticodon loop region of tRNALys1,2, respectively. T
egion of tRNALys, which would include nucleotides that differ between th
n small boldface type. R, direct repeat sequence at the 59 end of the viral RN5–PBS that resulted in a virus stably using tRNALys1,2
ather than tRNALys,3 to initiate reverse transcription. The
esults of our study support the idea that unique struc-
ural elements for the RNA–RNA interactions exist be-
ween the U5–PBS and the tRNA that are used to dis-
riminate between tRNALys isoacceptors used for initia-
ion of reverse transcription.
RESULTS
onstruction of mutant HIV-1 proviral genomes
HIV-1 that have been mutated to have a PBS comple-
entary to tRNALys1,2 reverted back to a wild-type PBS
omplementary to tRNALys,3 after a short time of in vitro
ulture (Li et al., 1994; Wakefield et al., 1995; Das et al.,
995). Previous studies from our laboratory have shown
hat complementarity between a sequence in U5 and an
nticodon loop of tRNAMet or tRNAHis resulted in viruses
hat stably utilize these respective tRNAs to initiate re-
erse transcription (Wakefield et al., 1996a; Kang et al.,
997). To investigate whether this would be the case for
iruses with a PBS complementary to tRNALys1,2, two
IV-1 proviruses containing mutations in both PBS and
5 were cloned into an infectious HIV-1 proviral clone:
ne proviral genome contains 5 nucleotides [HXB2(L12-
C)] while the second contains 15 nucleotides
HXB2(L12-ACgg)] complementary to the anticodon loop
f tRNALys,1,2 (Fig. 1). RNA modeling of the U5–PBS of the
XB2(L12-AC) would predict minimal disruption of the
NA structure of the region while maintaining comple-
entarity with the anticodon and 39 region of tRNALys1,2.
lthough HXB2(L12-ACgg) would contain greater
omplementarity with the anticodon region of tRNALys,1,2,
NA modeling would predict that the RNA stem loops in
he U5–PBS would be disrupted.
nalysis of the infection of mutant proviruses
The mutations introduced in U5 and PBS of proviral
lones did not affect expression of HIV-1 proteins or
elease of virions as determined from a comparison of
he amounts of p24 capsid antigen released into the
ransfected cultures (data not shown). To determine the
nfectious potential of the mutant proviral genomes,
OS-1 cells were transfected with proviral genomes fol-
owed by coculture with SupT1 cells, which are suscep-
ible to HIV-1 infection. We have used this procedure in
ur previous studies to assess the replication potential
ence are the 39-terminal 18 nucleotides of tRNALys,3 complementary to
with the A-rich loop sequence in U5 (Isel et al., 1995). A wild-type PBS
9-terminal 18 nucleotides of tRNALys1,2 in all proviral mutants. Additional
-AC) and HXB2(L12-ACgg) would contain 5 and 15 nucleotides in U5
nucleotides would be complementary to the complete anticodon stem
Lys isoacceptors. The introduced mutation nucleotides in U5 are shownA sequ
nteract
to the 3
B2(L12
he 15
e tRNAA genome. U5, 59 unique sequence.
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98 KANG, ZHANG, AND MORROWf mutant viruses (Rhim et al., 1991; Wakefield et al., 1995;
hang et al., 1996; Wakefield et al., 1996; Kang et al.,
997). At various times postcoculture, the production of
oth the wild-type and the mutant viruses was monitored
y visual inspection for syncytia and by levels of viral
apsid (p24) antigen in the supernatants from the cul-
ures (Fig. 2A). Viruses with a PBS complementary to
RNALys1,2 exhibited a slight delay with respect to p24
FIG. 2. Replication capabilities of mutant viruses. (A) The appear-
nce of infectious virus derived from transfection of wild-type and
utant proviral genomes. The plasmids containing the wild-type and
utant proviral genomes were transfected into COS-1 cells, which was
ollowed 24 h later by coculture with SupT1 cells (5 3 105). After 48 h
f coculturing, the SupT1 cells were isolated by centrifugation, washed
nce, and further cultured with more uninfected SupT1 cells and fresh
edium (day 0). At various intervals postcoculture, culture superna-
ants were collected and the p24 antigen was quantitated by ELISA.
XB2, wild-type HIV-1; L12-AC, HXB2(L12-AC); L12-ACgg, HXB2(L12-
Cgg); L12-PBS, HXB2(L12-PBS). (B) Kinetics of virus replication from
ell-free infection. SupT1 cells were infected with equal amounts (20 ng
f p24) of virus isolated after 61 days postcoculture. At designated
imes postinfection, supernatants were removed and assayed for p24
ntigen.ntigen production compared to the wild-type virus. Pnalysis of the U5–PBS from proviruses
We first analyzed the U5–PBS region of proviruses
erived from culture of HXB2(L12-PBS), which is isogenic
ith wild-type HIV-1 virus HXB2 except for the PBS, by
solating the high-molecular-weight DNA from the in-
ected cells, followed by PCR amplification of the U5–
BS region and determination of the DNA sequence of
ndividual subclones. Consistent with previous studies,
y 20 days postcoculture, the PBSs of all clones recov-
red from the HXB2(L12-PBS) culture were complemen-
ary to tRNALys,3 (Table 1) (Li et al., 1994; Wakefield et al.,
995; Das et al., 1995).
Viruses derived from HXB2(L12-AC) with 5 anticodon
oop complementary nucleotides in U5 obtained from
amples after extended in vitro culture (61 days) main-
ained the PBS complementary to tRNALys1,2 (Table 1).
ote that HXB2(L12-AC) has only 3 nucleotides different
rom HXB2(L12-PBS). In contrast, viruses derived from
XB2(L12-ACgg), which contains 15 nucleotides in U5
omplementary to the anticodon stem-loop of tRNALys1,2,
ncluding the same nucleotide changes in HXB2(L12-AC)
ere not stable, reverting back to have a wild-type PBS
omplementary to tRNALys,3 in most of the clones ana-
yzed from the extended culture.
To further characterize the viruses that stably main-
ained a PBS complementary to tRNALys1,2, we compared
he replication of mutants to that of the wild-type virus.
sing the same amounts of p24 antigen obtained from
ay 61 postcoculture, when all cultures show a highly
ytopathic effect, we measured the appearance of p24
ntigen in cultures from each mutant and wild-type virus
Fig. 2B). At this point, the virus derived from HXB2(L12-
Cgg), which contained a PBS complementary to
RNALys,3, grew slightly slower than the wild-type virus,
ut faster than the virus from HXB2(L12-AC), which main-
ained a PBS complementary to tRNALys,1,2.
The stability of the PBS of viruses derived from
XB2(L12-AC) and HXB2(L12-ACgg) was next analyzed
t day 123 postcoculture (Table 1). Surprisingly, all clones
ecovered from HXB2(L12-AC) still maintained a PBS
omplementary to tRNALys1,2. The viruses from HXB2(L12-
C) maintained two substitutions of G to A at nucleotides
65 and 182 in U5 that had been observed in 5 of 6
lones at day 61 postcoculture. Another conserved mu-
ation was found within the anticodon complementary
equence in 11 of 12 clones, which resulted in a se-
uence of four consecutive adenosines. Even though
his genome contains a four-adenosine nucleotide se-
uence, prediction of RNA secondary structure for this
utant genome indicates that four adenosine nucleo-
ides would not be positioned in a loop similar to the four
denosines found in the wild-type genome (data not
hown). In contrast, by 123 days postcoculture, all recov-
red proviral clones from HXB2(L12-ACgg) contained a
BS complementary to tRNALys,3 (data not shown).
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99tRNA SELECTION FOR INITIATION OF REVERSE TRANSCRIPTIONnalysis of tRNALys isoacceptor species used to
nitiate reverse transcription
From the experiments in the last section, it is clear that
ery subtle changes within the U5 region can influence
he stability of the PBS, and, by inference, the use of a
articular tRNALys isoacceptor to initiate reverse tran-
cription. To further address this issue, we utilized an
ndogenous RT/PCR technique to determine the identity
f tRNA used to initiate reverse transcription from viruses
hat have not undergone in vitro culture. A PCR primer
pecific for tRNALys1,2,3 allowed the simultaneous amplifi-
ation of the minus strong-stop [(2)ss] DNA initiated by
ny of the three tRNALys isoacceptors. We found similar
evels of (2)ss DNA synthesis from mutant viruses iso-
ated from transfection using a tRNALys1,2 probe (Fig. 3A).
nterestingly, we detected tRNALys,1 and tRNALys,2 used to
nitiate reverse transcription from the wild-type virus (Fig.
A), even though no proviruses with a PBS complemen-
ary to tRNALys1,2 from cultures of the wild-type virus had
een identified. Recent studies have shown that DNA
roducts initiated by tRNALys1,2 in wild-type virus may not
e completed as full-length proviral DNA due to a block
t a later step in reverse transcription (Zhang et al., 1998).
nalysis of the endogenous RT/PCR products using the
RNALys,3 probe revealed that, as expected, the greatest
T
Partial Sequences of the U5 and PBS Regio
Sequencea
ay 20 HXB2(L12-PBS)
9-AACTAGAGATCCCT CAGACCCTTTTAGTCAGTGT GGAAAATCTCTA
9-************** ******************** ************
ay 61 HXB2(Lys12-AC)
9-AACTAGAGATCCCT CAGACCCTTTTAGTCAGTGT GaAgAgTCTCTA
9-************** ******************A* ************
9-************** ******************A* ************
ay 61 HXB2(Lys12-ACgg)
9-AACTAGAGATCCCT CAGACCCTTTTAGTggGTaT taAgAgTCcCTA
9-************** ******************** ************
9-************** ******************** ************
9-************** ******************** ************
9-************** ******************** ************
ay 123 HXB2(Lys12-AC)
9-AACTAGAGATCCCT CAGACCCTTTTAGTCAGTGT GaAgAgTCTCTA
9-************** *****A************A* ***A********
9-***********T** *****A************** ***A********
9-************** T*****************A* ***A********
9-************** T*************A***A* *****A******
9-************** ******************A* ***A********
9-************** **A***************A* ***A********
a Asterisks indicate identity with the input sequence; boldface indica
egion; lowercase boldface letters denote initial nucleotide mutations
b Frequency of the DNA sequence of the PBS region obtained from
c The PBS sequence is complementary to tRNALys1,2.
d The sequence is the input sequence with the initial mutations in t
e The PBS sequence is complementary to tRNALys,3.mount of tRNALys,3 was used by the wild-type virus with iittle or no tRNALys,3 detected from all viruses with a PBS
omplementary to tRNALys1,2 (Fig. 3B). The sequence anal-
ses of the endogenous RT/PCR products confirmed the
pecificity of Southern hybridization results (data not
hown). Taken together, the results of this analysis dem-
nstrated that all of the mutant viruses derived from
ransfection with a PBS complementary to tRNALys1,2 pref-
rentially used tRNALys1,2 to initiate reverse transcription.
One of the hallmarks of HIV-1 viruses that stably main-
ain a PBS complementary to alternative tRNAs is the
ppearance of mutations within U5 following in vitro
ulture. We speculate that these mutations might be
daptations to more effectively utilize the alternative
RNA primer and to exclude positioning of the tRNALys,3
nto the PBS complementary to an alternative tRNA. To
ddress this issue for viruses with a PBS complementary
o tRNALys1,2, we analyzed primer tRNAs used for initiation
f reverse transcription from viruses after 61 days post-
oculture. Analysis of the endogenous RT reactions from
iruses derived from HXB2(L12-AC) revealed a clear pref-
rence for tRNALys1,2 versus tRNALys,3 (Fig. 4). To confirm
he Southern blot analysis, we cloned the PCR products
nd determined the DNA sequence of the U5–PBS–tRNA
egion (Table 2). No clones from HXB2(L12-AC) were
ecovered in which tRNALys,3 was used as primer, which
Mutant Proviruses Isolated during Culture
Frequencyb
TGGCGCCCAACGTGGGGCc TTGAAAGCG-39 Inputd
TGGCGCCCGAACAGGGACe *********-39 5/5
TGGCGCCCAACGTGGGGC TTGAAAGCG-39 Input
****************** *********-39 1/6
****************** *********-39 5/6
TGGCGCCCAACGTGGGGC TTGAAAGCG-39 Input
****************** *********-39 1/8
TGGCGCCCGAACAGGGAC *********-39 3/8
TGGCGCCCGAACAGGGAC *********-39 3/8
TGGCGCCCGAACAGGGAC *********-39 1/8
TGGCGCCCAACGTGGGGC TTGAAAGCG-39 Input
****************** *********-39 4/12
****************** *********-39 2/12
****************** *********-39 2/12
****************** *********-39 2/12
****************** *********-39 1/12
****************** *********-39 1/12
mer binding site (nucleotides 183 to 200) or nucleotides in the A-loop
ndent clones.
nd PBS region.ABLE 1
ns of
GCAG
****
GCAG
****
***A
GCAG
****
****
***A
***T
GCAG
***A
*A*A
***A
***A
***A
***A
tes pri
in U5.
indepe
he U5 as consistent with the results obtained from analysis of
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100 KANG, ZHANG, AND MORROWhe integrated proviruses (Table 1). In contrast, viruses
rom HXB2(L12-ACgg), which had reverted to wild-type by
his time, used tRNALys,3 to initiate reverse transcription
Table 2 and Fig. 4B). More than half of these reverted
iruses still used tRNALys,1 or tRNALys,2 (Table 2), which is
ntirely consistent with our analysis of the tRNALys isoac-
eptor usage by the wild-type virus derived from HXB2, in
hich we detected low levels of tRNALys1,2 from the en-
ogenous RT/PCRs using the wild-type virus (Figs. 3 and
, Table 2).
At 123–151 days postcoculture, tRNALys,3 was still not
etected from the viruses derived from HXB2(L12-AC)
Fig. 4B, Table 2). The frequency of tRNALys isoacceptors
sage in these viruses for the initiation of reverse tran-
cription by this time was different from that at 61 days
ostcoculture; 5 of 7 were tRNALys,1 rather than tRNALys,2 in
iruses from HXB2(L12-AC) at day 123, and 5 of 8 were
RNALys,1 at 151 days of culture. Taken together, the re-
FIG. 3. Primer tRNA species used by the wild-type and mutant
iruses from transfection. Virus aliquots (equivalent to 3 ng of p24
ntigen) produced from transfection of 293T cells were used in an
ndogenous reverse transcription reaction (37°C for 2 h). 30 cycles of
CR were applied to detect tRNAs linked to minus strong-stop [(2)ss]
NA. We used tRNALys1,2,3 PCR primer to amplify any tRNALys isoaccep-
or species linked to (2)ss DNA produced during the endogenous RT
eaction (246 nts). (A) The amounts of tRNALys1,2 extended products.
RNALys1,2 probe was used in Southern analysis to detect tRNALys1,2
xtended products. As control, viruses were incubated without dNTPs
nd we could not detect PCR amplified products. Products were quan-
ified using a PhosphorImager and the relative amounts are shown in
he graph. WT, wild-type HXB2; AC, HXB2(L12-AC); ACgg, HXB2(L12-
Cgg); PBS, HXB2(L12-PBS). (B) The amounts of tRNALys,3 extended
roducts. tRNALys,3 probe was used in Southern analysis of endogenous
eactions. Products were quantified using a PhosphorImager and the
elative amounts are shown in the graph. Samples are in the same
rder and with the same abbreviations as described for A.ults of these studies clearly show that the virus derived arom HXB2(L12-AC) maintains the exclusive use of
RNALys1,2 for initiation of reverse transcription following
xtensive in vitro culture.
FIG. 4. Primer tRNA species used by the wild-type and mutant viruses
rom SupT1 cultures. Culture supernatants containing viruses equivalent
o 3 ng of p24 antigen were used in an endogenous reaction (37°C for 2 h).
0 cycles of PCR were applied to detect tRNAs linked to (2)ss DNA. The
umber of days denotes the virus samples collected at the designated
ays postcoculture. tRNALys1,2,3 PCR primer was used to amplify all tRNALys
soacceptor species linked to (2)ss DNA produced during endogenous RT
eaction (246 nts). WT, wild-type HXB2; AC, HXB2(L12-AC); ACgg,
XB2(L12-ACgg). (A) The amounts of tRNALys1,2 extended products.
RNALys1,2 probe was used in Southern analysis to detect tRNALys1,2 ex-
ended products. Products were quantified using a PhosphorImager and
he relative amounts are shown in the graph. (B) The amounts of tRNALys,3
xtended products from the Southern analysis of endogenous reactions.
roducts were quantified using a PhosphorImager and the relative
mounts are shown in the graph.
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101tRNA SELECTION FOR INITIATION OF REVERSE TRANSCRIPTIONDISCUSSION
In this study, we have investigated the mechanism for
he selection of the tRNALys that is required for initiation
f HIV-1 reverse transcription. A series of proviral mu-
ants with regions in U5 and a PBS complementary to
RNALys1,2 were constructed and characterized. Viruses
erived from HXB2(L12-PBS), which contained just a PBS
omplementary to tRNALys,1,2, reverted after short-term
ulture to contain a wild-type PBS complementary to
RNALys,3. In contrast, viruses from HXB2(L12-AC), which
ontained an additional 5 nucleotides complementary to
he tRNALys,1,2 anticodon loop, stably maintained a PBS
omplementary to tRNALys1,2, even after extended in vitro
ulture. However, viruses derived from HXB2(L12-ACgg),
hich contained 15 nucleotides complementary to the
nticodon loop, did not maintain a PBS complementary
o tRNALys,1,2.
The selection of the tRNA primer used for initiation of
IV-1 reverse transcription is a complex process. Previ-
us studies from this laboratory as well as others have
hown that the alteration of the PBS of HIV-1 proviruses
o correspond to tRNAs other than tRNALys,3 resulted in a
irus that could utilize these alternative tRNAs to initiate
everse transcription (Li et al., 1994; Wakefield et al.,
995; Das et al., 1995). One of the more interesting
iruses analyzed in these previous studies was the HIV-1
ith a PBS complementary to tRNALys,1,2, which, consis-
ent with the results of our current study, rapidly reverted
ack to use tRNALys,3 following short-term culture. One
xplanation for the rapid reversion might be that during
he first infection (i.e., using virus derived from transfec-
ion), some or all of the reverse transcription was initi-
ted with tRNALys,3 positioned onto the PBS complemen-
TABLE 2
Primer tRNA Species in Viruses Isolated during Culture
ay Virusesa Primer tRNAb Frequencyc
1 HXB2 (L12-AC) tRNALys,1 1/6
tRNALys,2 5/6
HXB2 (L12-ACgg) tRNALys,1 3/6
tRNALys,2 1/6
tRNALys,3 2/6
23 HXB2 (L12-AC) tRNALys,1 5/7
tRNALys,2 2/7
HXB2 (wild type) tRNALys,1 2/11
tRNALys,2 2/11
tRNALys,3 7/11
51 HXB2 (L12-AC) tRNALys,1 5/8
tRNALys,2 3/8
a Viruses collected from the SupT1 cultures at the designated days.
b tRNA species extended in the endogenous RT/PCR (the endoge-
ous RT products were amplified using tRNALys1,2,3 primer).
c Frequencies of tRNA species obtained from sequence analysis of
ndependent RT/PCR clones.ary to tRNALys,1,2. To address this possibility, we analyzed ohe endogenous RT/PCR products with virions isolated
rom transfected cells. Since the virions contain viral
roteins such as RT, NCp7 (both involved in annealing of
rimer (Li et al., 1996)), Tat protein (involved in minus-
trong stop DNA synthesis (Harrich et al., 1997)), and the
omplete viral RNA sequence with elements involved in
everse transcription such as a TAR hairpin (Harrich et
l., 1996), a poly(A) stem-loop adjacent to TAR (Das et al.,
997), and an A-rich loop in U5 (Liang et al., 1997), we
elieve that the endogenous reverse transcription re-
lects the essential processes of the initiation reaction of
everse transcription. DNA sequence analysis of endog-
nous RT/PCR products from the mutant genomes with a
BS complementary to tRNALys1,2 demonstrated that vi-
uses obtained from transfection used mainly tRNALys,1 or
RNALys,2 as primer. Most importantly, this was the case
or virus with only a PBS complementary to tRNALys,1,2
HXB2 (L12-PBS)] as well as viruses with additional mu-
ations in U5 [HXB2(L12-AC) and HXB2(L12-ACgg)]. Since
he viruses have not undergone replication, the regions
f the genome encoding the viral proteins were isogenic
ith HXB2, which utilizes tRNALys,3 to initiate reverse
ranscription. Thus, the selection and positioning of the
RNA onto the PBS were dictated mainly by the comple-
entarity between the tRNA and the PBS and not by viral
roteins. This conclusion is supported by recent studies
rom our laboratory that analyzed the PBS sequence from
iruses that have undergone a single round of infection.
n that study, we found that recovered integrated proviral
lones from virus with a PBS complementary to tRNALys,1,2
ll contained a PBS complementary to tRNALys,1,2 (Zhang
t al., 1998).
Although all three of the mutant proviral genomes with
PBS complementary to tRNALys,1,2 could utilize this tRNA
nitially for initiation of reverse transcription, only the viral
enome with both the PBS and a region corresponding
o the A-loop in U5 that was complementary to the
nticodon loop of tRNALys,1,2 was stable following in vitro
ulture. The results of this study highlight the finding that
omplementarity between the A-loop region in U5 and
he anticodon loop of the tRNA is important for the
fficient initiation of HIV-1 reverse transcription using
RNAs other than tRNALys,3. Previous studies have clearly
stablished that HIV-1 virions are selectively enriched for
RNALys,1,2 and tRNALys,3 (Jiang et al., 1993). The selective
ncorporation of these tRNAs is most probably mediated
y their interactions with the Gag and Gag-Pol polypro-
eins (Mak et al., 1994, 1997a). However, viruses that
ontained a PBS complementary to tRNALys,1,2 could not
tably use tRNALys1,2 following in vitro culture even though
his tRNA was present in virions at levels approximating
hat of tRNALys,3 (Li et al., 1994; Wakefield et al., 1995; Das
t al., 1995). We interpret this result to mean then that the
omposition of the tRNA within the virions per se does
ot dictate which tRNAs are to be used for the initiation
f reverse transcription. Furthermore, this result supports
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102 KANG, ZHANG, AND MORROWhe hypothesis that interaction between the tRNA and the
iral RNA genome is a determining factor for selection of
specific tRNA as a primer for reverse transcription. The
RNA–genome RNA interaction could be mediated by
iral protein and/or RNA–RNA interactions. Using com-
uter modeling and chemical/enzymatic probes, RNA
FIG. 5. Predicted secondary structures of HIV-1HXB2 and mutants in t
lgorithm for nucleotides 126 to 224 (Zuker, 1989). This structure is simil
ike those presented in A and B. The interaction with the anticodon loo
ucleotides are in lowercase. The bulges of one or two nucleotides diff
or (2) strand DNA synthesis is indicated 11. The designations are
12-ACgg, HXB2(L12-ACgg).tructural models for the U5–PBS region of HIV-1 have aeen presented (Baudin et al., 1992). Nucleotides that
nteract with the anticodon region of tRNALys,3 (nucleo-
ides 169 to 172) are displayed at the end of a stem-loop
tructure (Fig. 5A); hence the name given to this region is
he A-loop (Isel et al., 1995). Substitution of the PBS
omplementary to tRNALys1,2 would be predicted not to
leotides 159 to 186. Structure A and B were drawn using the MFOLD
t predicted by Baudin et al. (1992). Additional structures were modeled
tRNA primer is shown in boldface and colored in yellow, where tRNA
om those in structure A are boxed in red. The first template nucleotide
lows: L12-PBS denotes HXB2(L12-PBS); L12-AC, HXB2(L12-AC); andhe nuc
ar to tha
p of the
erent fr
as folffect this A-loop structure (Fig. 5B), which may explain
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103tRNA SELECTION FOR INITIATION OF REVERSE TRANSCRIPTIONhe rapid reversion of viruses derived from HXB2(L12-
BS). Strikingly, the U5–PBS of viruses that stably main-
ain a PBS complementary to tRNALys1,2 can be modeled
o an RNA structure very similar to that of wild-type virus
Zuker, 1989). For example, the U5–PBS of the virus
erived from HXB2(L12-AC) can be modeled so that the
ucleotides complementary to the anticodon loop of
RNALys1,2 are displayed in a loop structure (Fig. 5C). In
ontrast, the nucleotide substitutions in HXB2(L12-ACgg)
Fig. 1B) would be predicted to result in a GC bulge at a
osition 2 nucleotides from the start of the initiation of
everse transcription and result in a bulge at the bottom
tem (Fig. 5D). It is possible then that the presence of
hese extra RNA bulges in the genome derived from
XB2(L12-ACgg) reduces the efficiency for selection of
RNALys1,2 as the primer, which might promote the use of
RNALys,3 and subsequent reversion back to a wild-type
BS.
The results of our studies then support the conclusion
hat the U5–PBS structure is important for HIV-1 to dis-
riminate between tRNALys1,2 and tRNALys,3 used for re-
erse transcription. The question still remains as to how
he virus selects the specific tRNALys isoacceptor
tRNALys,3) for initiation. Future experiments with the
nique virus that maintains a PBS complementary to
RNALys,1,2 will be needed to delineate the mechanism for
election of the specific tRNA.
MATERIALS AND METHODS
onstruction of vectors with mutant proviral genomes
We used the full-length molecular HIV-1 clone HXB2
o make mutant HIV-1 proviral genomes (Ratner et al.,
987). A shuttle vector, pUC119(PBS), which contains a
paI to PstI DNA fragment including the 59 LTR, PBS,
nd leader region of the gag gene from HXB2 (Rhim et
l., 1991; Zhang et al., 1996) was utilized to create
UC119(L12-PBS) before cloning into the full-length
lone HXB2. Using pUC119(L12-PBS) as a template
ector, pUC119(L12-AC) and pUC119(L12-ACgg) were
onstructed. A modified site-directed mutagenesis
as performed by two consecutive PCRs (Sarker and
immer, 1990). The first PCR was to generate mega-
rimers containing mutant sequences using a primer
n the U3 region of the 59LTR [59TTGACAGCCGC-
TAGC39 (nucleotides 8895–8910)] and a mutagenic
ligonucleotide. The mutagenic oligonucleotides for
ach mutant are as follows: HXB2(L12-PBS),
9-CCCTTTCGCTTTCAAGCCCCACGTTGGGCGCC-
CTGCTAG-39; HXB2(L12-AC), 59-CTGCTAGAGAC-
CTTCACACTGACTAAAAG-39 ; HXB2(L12-ACgg),
9-CCACTGCTAG GGACTCTTAATACCCACTAAAAGG-
TCTG-39. The second PCR was to generate restric-
ion enzyme sites for cloning into pUC119(PBS). We
sed a megaprimer containing mutant sequence and a
rimer with a BssHII site (underlined nucleotides) Bownstream of the PBS [59-GCGCGCTTCAG-
AAGCCG-39 (262–245)]. The resulting mutagenic
NA fragments of BglII and BssHII (nucleotides 20–
62) were cloned into pUC119(PBS). A 868-bp frag-
ent of HpaI and BssHII from each of the pUC119
lasmid constructs containing the mutations was sub-
loned between the HpaI and the BssHII sites of HXB2.
ll pUC119 constructs and the resulting HXB2 mutant
roviral plasmids were screened by restriction diges-
ion and verified by DNA sequencing.
issue culture and DNA transfections
293T and COS-1 cells were maintained in Dulbecco’s
odified Eagle’s medium (DMEM) supplemented with
0% fetal calf serum (FCS) and 1% penicillin–streptomy-
in at 37°C and 5% CO2. SupT1 cells were grown in RPMI
640 containing 15% FCS and 1% penicillin–streptomycin
t 37°C and 5% CO2. A 6-well plate of 70% confluent 293T
ells was transfected with 30 mg of DNA using the
a-PO4 method (Sambrook et al., 1989). After overnight
ncubation at 37°C, the supernatants of transfected 293T
ells were removed and fresh media were added. The
upernatant was collected after 3 days posttransfection
nd filtered through a 0.45-mm-pore-size syringe filter
Nalgene). The levels of p24 antigen were determined
rom three independent transfections using an ELISA
Coulter Laboratories). COS-1 cells 60% confluent in a
ell of a 6-well plate were transfected with 5 mg of
ild-type and mutant proviral plasmid DNA using DEAE–
extran as previously described (Rhim et al., 1991).
nalysis of virus replication
To test for virus replication and infectivity, the trans-
ected COS-1 cells were cocultured 24 h later with SupT1
ells (5 3 105), which support high-level replication of
IV-1. After 48 h of coculture, the SupT1 cells were
arvested by low-speed centrifugation and further cul-
ured with fresh medium and additional SupT1 cells. The
nfected SupT1 cells were monitored visually for the
ormation of multicell syncytia and maintained with
upT1 cells and medium at 2-day intervals. For cell-free
nfections at 61 days postcoculture, SupT1 cells (106
ells/ml) were infected with equal amounts of virus as
easured by p24 antigen. After the virus was allowed to
dsorb for 24 h, SupT1 cells were further cultured in
PMI medium. At the designated time intervals, the cul-
ure supernatants were collected and analyzed for p24
ntigen by ELISA (Coulter Laboratories).
CR amplification and DNA sequencing of PBS-
ontaining proviral DNA
Analysis of the proviral DNA sequences from infected
upT1 cells was carried out using minor modifications of
rotocols as described elsewhere (Wakefield et al.,1996).
riefly, at the designated days postcoculture, high-mo-
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104 KANG, ZHANG, AND MORROWecular-weight DNAs were isolated from infected SupT1
ells by using the Wizard genomic DNA purification kit
ollowing the manufacturer’s instructions (Promega). Ap-
roximately 2 mg of cellular DNA was used to amplify the
5 and PBS regions of integrated proviral DNA se-
uences by using two HIV-1 proviral DNA-specific prim-
rs: Primer 1, 59-GCTCTAGACCAGATCTGAGCCTGG-
AGCTC-39 (nucleotides 17 to 38); Primer 2, 59-CGGAAT-
CTCTCCTTCTAGCCTCCGCTAGTC-39 (nucleotides 309
o 330). PCR-amplified DNA was directly ligated into
GEM-T-easy vector (Promega). Following transforma-
ion into Escherichia coli and screening, the DNA pre-
ared from individual recombinant clones was se-
uenced using the following primer: 59-GGCTAACTAGG-
AACCCACTGC-39 (nucleotides 42 to 63).
ndogenous reverse transcription
Reverse transcription using whole virus particles was
pplied with some modifications as described else-
here (Masuda et al., 1995). Supernatants from 293T
ells transfected with proviral DNAs were treated with
Nase-free DNase (Boerhinger Mannheim) at a final
oncentration of 20 U/ml for 1 h at 37°C in the presence
f 10 mM MgCl2. Virus particles from transfected super-
atants were collected by centrifugation at 27,000 rpm for
h in a SW28 rotor at 4°C. The pellet was resuspended
n 100 ml of ice-cold TEN buffer (10 mM Tris–HCl, pH 8.0,
mM EDTA, 100 mM NaCl) and aliquots of virus were
ept at 270°C. Aliquots of virus suspension or viruses
rom SupT1 cultures (3 ng as p24 value) were incubated
n 40 ml of the endogenous reverse transcription mixture
0.01% Triton X-100, 50 mM NaCl, 50 mM Tris–HCl (pH
.0), 10 mM dithiothreitol, 5 mM MgCl2, 200 mM each
ATP, dGTP, dCTP, dTTP] for 2 h at 37°C. Reactions were
erminated by adding 20 ml of stop solution (250 mg/ml of
roteinase K, 5 mM EDTA, pH 8.0) and incubating at
0°C for 1 h. Reactions without dNTP were performed as
ontrol. The reaction mixtures were boiled for 10 min to
ill proteinase K before PCR analysis.
CR amplification and identification of extended
RNAs
We used tRNALys isoacceptor-specific primers to de-
ect endogenous reaction products extended from tRNA:
RNALys,1 PCR primer, 59-GGGACTCTTAATCCCAGGG-
CGT-39, corresponding to nucleotides 28 to 50 of
RNALys,1; tRNALys,2 PCR primer, 59-GAGACTCTTAATCT-
AGGGTCGT-39, corresponding to nucleotides 28 to 50
f tRNALys,2; tRNALys,3 PCR primer, 59-CAGACTTTTAATCT-
AGGGTCCAGG-39, corresponding to nucleotides 28 to
3 of tRNALys,3; tRNALys1,2,3 common PCR primer, 59-TAGCT-
AGTCGGTAGAGCA-39, corresponding to nucleotides 8
o 27 of tRNALys1,2,3. The 59 PCR primer is primer 1 as
escribed above, corresponding to nucleotides 17 to 38n R. Five microliters of reaction mix was used for 30 Gycles of PCR, each consisting of a denaturing step at
4°C for 1 min, annealing at 60°C for 1 min, and exten-
ion at 72°C for 40 s. PCR amplification was performed
sing Taq DNA polymerase (Gibco BRL). Amplified prod-
cts were resolved on a 1.2% agarose gel with ethidium
romide staining. Each PCR product was isolated from
he gel, cloned to pGEM-T easy vector (Promega), and
equenced to identify the tRNA species extended during
he endogenous reverse transcription reaction.
To compare the relative amount of tRNALys1,2 and
RNALys,3 extended products, we applied Southern proce-
ures by transferring PCR amplified DNA in the agarose
el to a 0.2-mm (Protran) or 0.45-mm (Schleicher &
chuell) nitrocellulose membrane in 203 SSPE buffer
Sambrook et al., 1989). DNA was fixed to the membrane
y baking at 80°C for 2 h. The probes used were the
32P-end-labeled-specific sense sequences of tRNALys,1,
RNALys,2, and tRNALys,3 as described above (tRNALys1,2
robe was mixture of equimolar tRNALys,1- and tRNALys,2-
pecific oligomer). Four pmoles of oligomer was labeled
sing 20 U of T4 polynucleotide kinase (New England
iolabs, NEB) in 50 ml of labeling mixture (100 mCi of
g-32P]ATP and 13 kinase buffer from NEB). After an
vernight prehybridization in 25% (v/v) formamide, 63
SPE, 0.1% sodium dodecyl sulfate (SDS), 53 Denhart’s
olution, and 100 mg/ml yeast tRNA, hybridization was
erformed by adding the labeled probe to the prehybrid-
zation mixture overnight. The membrane was washed in
3 SSPE with 0.1% SDS three times at room temperature
nd then two times in 0.43 SSPE at 45–50°C. The rela-
ive quantity of radioactivity was determined by autora-
iography and PhosphorImager analysis.
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